Ruthenocuprates RuSr2(Eu,Ce)2Cu20io-y: Intrinsic magnetic multilayers 



I.Zivkovic,! Y.Hirai,2 B.H.Frazer,^ M.Prester,!' D.Drobac,^ D.Ariosa,^ 
H.Berger,'^ D.Pavuna,'^ G.Margaritondo,'^ I.Felner,^ and M.Onellion^'|^ 

'Institute of Physics, P.O.B.304, HR-10 000, Zagreb, Croaţia 
''Physics Department, University of Wisconsin, Madison, WI 53706, U.S. A. 
^Institut de Physique Appliquee, Ecole Polytechmque Federale de Lausanne, CH-1012 Lausanne, Switzerland 
'^Racah Institute of Physics, Hebrew University, Jerusalem, Israel 
(Dated: February 1, 2008) 

We report ac susceptibility data on RuSr2(Eu,Ce)2Cu20io-î/ (Ru-1222, Ce content x=0.5 and 
1.0), RuSr2GdCu208 (Ru-1212) and SrRuOs. Both Ru-1222 (x=0.5, 1.0) sample types exhibit un- 
expected magnetic dynamics in low magnetic fields: logarithmic time relaxation, switching behavior, 
and 'inverted' hysteresis loops. Neither Ru-1212 nor SrRuOs exhibit such magnetic dynamics. The 
results are interpreted as evidence of the complex magnetic order in Ru-1222. We propose a specific 
multilayer model to explain the data, and note that superconductivity in the ruthenocuprate is 
compatible with both the presence and absence of the magnetic dynamics. 

PACS numbers: 74.27.Jt, 74.25.Ha, 75.60.Lr, 75.70.Cn 



I. INTRODUCTION 

Coexistence of superconductivity and long-range mag- 
netic order, and the types of magnetic order compatible 
wiţti superconductivity, are problems of widespread inter- 
esta. Such systems include the ruthenocupijates, which 
exhibit superconductivity in the Cu02 planesH with some 
type(s) of long-range magnetic order that involves at 
least the Ru02 planesEla. One of the main issues for 
the ruthenocuprates is the nature of long-range mag- 
netic order coexisting with superconductivity. The issue 
is cormplicated because, as previous work (muon spin re- 
tationQ, magnetic resonanceu, and neutron diffractionEl) 
has shown, there is evidence- even iii,|-the simple Ru- 
1212 material- for both ferromagneticoO apd antiferrct 
magnetica ordering. Both magnetizationEl and NMREI 
studies of Ru-1212 materials confirm the presence of a 
ferromagnetic component of the low Jjemperature mag- 
netic order. Theoretical calculationsO of the electronic 
structure predict antiferromagnetic order for Ru-1212. 

There is an implicit assumption that all 
ruthenocuprates will possess the same long-range 
magnetic order. As we show below, this is not the 
case for the data we measured, comparing Ru-1212 
and Ru-1222, nor is it the case for the existing litera- 
ture. Neutron diffraction measurements have not been 
reported for Ru-1222. Magnetization, low ikofluency 
susceptibility, and Mossbauer/NQR reporta3l3 indi- 
cate a pronounced- perhaps even a dominant- role of 
ferromagnetism in the spontaneous magnetic order of 
Ru-1222. The main result of our report is that Ru-1222 
samples exhibit unexpected dynamical magnetic features 
in very low magnetic fields. We have measured the 
AC susceptibility while varying the dc magnetic field 
either continuously or in steps. We found a pronounced 
susceptibility 'switching', logarithmic time relaxation, 
and hysteretic, inverted-in-sense, susceptibility butterfly 
loops. While these properties have been individually 
reported earlier in other, non-superconducting magnetic 
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FIG. 1: Unit cell of Ru-1222 ruthenocuprate 



systems, the Ru-1222 system exhibits all of these proper- 
ties. The inverted butterfly hysteresis represents, to our 
knowledge, the first observation of this phenomenon in 
a bulk magnetic system. The contrast between Ru-1222 
and Ru-1212 (or SrRuOs) samples is marked: neither 
Ru-1212 nor SrRuOs exhibit any of these dynamical 
magnetic properties. FoUowing the data, we present a 
model in which we argue that the magnetic ordering of 
Ru-1222 involves both ferromagnetic and antiferromag- 
netic coupling, and that Ru-1222 is a rare example of an 
intrinsic, naturally grown magnetic multilayer system 
with the layers coupled with antiferromagnetic inter- 
actions, similar to that inferred of tha (La,Sr)3Mn207 
colossal magnetoresistance manganitai3. 
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II. EXPERIMENTAL 

Polycrystalline samples of Ru-1222, Ru-1.212 and 
SrRuOa were fabricated as published elsewhereaO. Two 
Eu/Ce stoichiometries of Ru-1222 were synthesized: 'su- 
perconducting' (Ce content x= 0.5) and 'insulating' (Ce 
content x=1.0). SrRuOs served as a three dimensional, 
ferromagnetic reference material. In all three materials, 
magnetic order stems from the RuOe octahedra. We used 
x-ray diffraction (data not shown) to establish that all 
samples were crystallographically single phase. We mea- 
sured the sample microstructure using scanning electron 
microscopy (SEM), with results shown in Figure 2. AC 
susGfiptibility data were takcn using a CryoBIND sys- 
temtj calibrated for absolute susceptibility results. The 
AC susceptibility measurements used a frequency of 230 
Hz, an ac magnetic field of 0.15 Oe, and a dc mag- 
netic field between 0-100 Oe. DC susceptibility measure- 
ments of some samples were obtained using a Lake Shore 
vibrating-sample magnetometer (VSM). 

III. RESULTS 

Figure 1 illustrates the Ru-1222 unit cell. Notice the 
large separation along the c-axis between Ru02 planes; 
we return to this point below. Figure 2 illustrates the mi- 
crostructure. Ru-1222 (x=1.0) samples exhibit a dense 
structure with almost no isolated grains and very small 
intergranular regions; grain boundaries were difhcult to 
identify. Ru-1222 (x=0.5) and Ru-1212 samples, by con- 
trast, exhibit well-defined grains (size typically 1 — 2 fim) 
and pronounced grain boundaries. As we note further 
below, there are marked, qualitative difîerences between 
the Ru-1212 samples and Ru- 1222 samples of either sto- 
ichiometry. Fig. ^ is thus important because it rules out 
grain structure as the source of these qualitative differ- 
ences. 

Figure 3 shows the AC susceptibility data of Ru-1212, 
Ru-1222 (x=0.5) and Ru-1222 (x=1.0). Ru-1212 exhibits 
a single maximum at TAr = 133 K. By contrast, both Ru- 
1222 samples exhibit peaks at lower temperature Tm (= 
85 K (x=0.5) and 117 K (x=1.0)) and a broad feature 
between 120-140 K, followed by non-Curie-Weiss behav- 
ior extending up to 180K. We discuss possible interpreta- 
tions of the_broad features and non-Curie-Weiss behavior 
separatelyll3. 

In this work we primarily focus the magnetically or- 
dered (T<Tm) phase of both ruthenocuprates and re- 
port hysteretic and highly nonlinear magnetic dynam- 
ics characterizing Ru-1222, but not Ru-1212, samples. 
Figures 4-10 illustrate different aspects of the AC sus- 
ceptibility response of Ru-1222, pointing out the differ- 
ences in the equivalent response of Ru-1212 under similar 
experimental conditions. Although we show only the re- 
sults for x=0.5 or x=1.0 compositions of the Ru-1222 
ruthenocuprate in a particular figure, both stoichiome- 
tries exhibit the same qualitative behavior in all respects. 




FIG. 2: Scanning electron microscopy images of Ru-1212 (top 
panel), Ru-1222, x=1.0 (middle panel), and Ru-1222, x=0.5 
(bottom panel) 



We first report on AC susceptibility temperature depen- 
dence in small (< 100 Oe) applied dc magnetic fields. 
Figs. 1^, |5| illustrates a sequence of temperature depen- 
dences of zero-field cooled (ZFC) AC susceptibility mea- 
surement in several dc magnetic fields at temperatures 
near the peak value for Ru-1222 (x=0.5 and x=1.0) sam- 
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FIG. 3: Ac susceptibility measurements of Ru-1222 (x=0.5 
and x=1.0) and Ru-1212 samples. Note different scales for the 
two sample types. Vertical arrow indicates the kink attributed 
to superconductivity in Ru-1222, x=0.5, sample. 
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FIG. 4: Temperature dependence of ZFC ac susceptibility of 
Ru-1222, x=0.5, sample in a sequence of small applied mag- 
netic fields. The panel a) would suggest coUapsing of all of the 
curves below the ordering maximum inside the 10 Oe mag- 
netic field range. A closer inspection of the rectangular area, 
shown in b) on expanded scale, indicates that below the or- 
dering maxima there is actually a non- monotonie change of 
ac susceptibility as the applied magnetic field increases. 

ples. These figures show that there is a range of de 
magnetic field values, and temperatures, for which the 
AC susceptibility of Ru-1222 samples increases as the 
dc magnetic field increases. By contrast, Ru-1212 and 
SrRuOa samples exhibit 'normal' behavior: at all tem- 
peratures, the AC susceptibility monotonically decreases 
for increasing dc magnetic fields. Qualitatively, 'normal' 
behavior is easy to interpret: AC susceptibility measures 
how free the magnetic moments are to perform forced 
oscillations imposed by the ac magnetic field. There- 
fore, any superimposed dc magnetic field introduces a 
further restriction on the oscillations, and the AC suscep- 
tibility decreases. Fig. || illustrates AC susceptibility for 
Ru-1222 (x=1.0) samples. Note the common qualitative 
trend shown in Fig. || below Tm the AC susceptibility 
versus dc magnetic field exhibits non-monotonic behav- 
ior with increasing dc magnetic field, while for tempera- 
tures above Tm the AC susceptibility decreases monoton- 
ically with increasing dc magnetic field. The unexpected 
incrcasc in AC susceptibility from zero dc field to the 
'turning field' {— the dc field at which the AC suscepti- 
bility is a maximum) reaches as much as 15% for Ru-1222 
(x=1.0). It is much less 0.5%) for Ru-1222 (x=0.5), 
and the magnitude of the turning field is lower for Ru- 
1222 (x=0.5) than for Ru-1222 (x=1.0). For some sam- 
ples we also noted small, quasi-periodic jumps in the tem- 
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FIG. 5: Temperature dependence of ZFC ac susceptibility 
of Ru-1222, x=l.Q, sample versus applied dc magnetic field. 
Below the ordering maxima, the susceptibility exhibits non- 
monotonic behavior versus applied magnetic field. 



perature dependence of the AC susceptibility below Tm, 
similar to the iwnps recently reported for certain man- 
ganite samplealJ. Because the occurrence of these os- 
cillations/jumps were not reproducible in repeated mea- 
surements, we did not perform any systematic studies of 
this effect on our samples. 



A. Time dependence of AC susceptibility 

We measured the time response of the AC susceptibil- 
ity to different dc magnetic fields at several fixed tem- 
peratures. We would zero-field cool the sample to a fixed 
temperature, apply a dc field and take the measurement 
of time dependence, then- in zero dc magnetic field- raise 
the temperature to above 180K and lower the tempera- 
ture (to the same or another fixed temperature) before 
repeating the measurement with different dc field. Fig. 
^ illustrates some of the results. The inset of Fig. ga 
shows how the dc magnetic field was abruptly turned on 
and off. Figs. ^) and b) shows that the AC susceptibil- 
ity sharply increaseses ('switches') when the dc magnetic 
field is turned on. After the AC susceptibility switch, 
there is a gradual decrease. In Figs. ||a) and b), note 
that even after 2000 sec. the AC susceptibility has not 
returned to the iniţial value. The AC susceptibility ex- 
hibits a strong time relapcatipn. Such relaxation -often 
called disaccommodationtjEâ- bas been reported previ- 
ously for other magnetic systemaij. The data in Figs. |^a) 
and b) are, however, surprising in certain respects: the 
AC susceptibility increases above the ZFC value when 
a dc magnetic field is applied. As Fig. ^ shows, the 
AC susceptibility relaxes slowly, and logarithmically, and 
does not return to the ZFC value on the time scale of at 
least one day (the longest period we measured at one dc 
field and temperature). The data indicate: 

a) A step-like change of the dc magnetic field causes i) 
the AC susceptibility to switch to a new value, and ii) the 
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FIG. 7: Ac susceptibility versus time for Ru-1212 at lOOK in 
the applied rectangular puise of magnetic field, as specified 
in Fig.6a. No time relaxations can be detected in Ru-1212 
sample. 



and the magnetic history (whcther îldc was turned on or 
off); 

c) For \îidc\ above a threshold value of 40 Oe, when 
îldc is turned ofF there is a pronounced 'overshoot' phe- 
nomenon with a sizeable positive (Ax) (see Fig. ^); 

d) Surprisingly, applying a rectangular field puise re- 
sults in a magnetic state with an increased AC suscep- 
tibility (Fig. The logarithmic relaxation over several 
decades of time incdicates that the excited AC suscepti- 
bility persists. 



FIG. 6: a) Ac susceptibility versus time for Ru-1222, x= 1.0 
at 80K, with Hdc ~ OOe initially, then Hdc = 30Oe, and fi- 
nally Hdc ~ OOe, shown schematically in the Inset. (A^), 
defined as change in susceptibility immediately after Hdc is 
switched off, is negative. Note relaxation of susceptibility. b) 
AU conditions the same as in a) except Hdc = 70Oe. (Ax) is 
positive for this value of Hdc- Note relaxation of susceptibil- 
ity. Inset: Overshoot Ax (in units of emu/moleOe) at 80K 
versus Hdc. Note change from negative (no overshoot) to pos- 
itive (overshoot) at Hdc ~ Hsf. c) Ac susceptibility versus 
logarithm of time for Ru-1222, x= 1.0, with Hdc = 70Oe and 
80K. (io) is time at which Hdc is either switched on or off. 
Data for both field on and field off conditions are included. 



ZFC equilibrium state changes to a metastable magnetic 
state. The magnitude of the AC susceptibility change 
(Ax) (Fig. |^a,b) is positive when H^c is turned on, and 
can be either positive or negative when H^c is turned ofF. 
The metastable magnetic state exhibits logarithmic re- 
laxation, |a,phenomenon variously aacsibed to disaccom- 
modationlijllj or magnetic afterefFeciO. It is particularly 
noteworthy, as Fig. illustrates, that Ru- 1212 samples 
do not exhibit any indication of AC susceptibility relax- 
ation; 

b) The AC susceptibility relaxation is logarithmic in 
time for both Hdc on and H^c ofî, and foUows the func- 
ţional form xit) = Xo[^ ~ o^^n-it ~ to)]- The parameters xo 
and the relaxation rate a depend on temperature, Hdc, 



B. AC susceptibility in sweeping magnetic field: 
Observation of inverted hysteresis 

We also swept the dc magnetic field in an almost con- 
tinuous fashion, with increments typically of 1 Oe. The 
most striking behavior, as shown in Fig. ^, is observing an 
inverted hysteresis phenomenon for Ru-1222 that is also 
entirely absent for Ru-1212 or SrRuOa. To measure the 
classic magnetization hysteresis, one ramps the applied 
magnetic field (H) from positive to negative and back, 
and continuously measures the magnetiza±ion M(H). In 
a similar, 'butterfly' hysteresis techniquella, the AC sus- 
ceptibility Xac{H), is measured rather than the magne- 
tization. Generally, these two hysteresis loops yield sim- 
ilar informationE2l. For instance, the characteristic max- 
ima iii butterfly hysteresis (Figs. ^, ||) define the coercive 
fieldiiâ. Fig. ^ shows typical butterfly hysteresis data 
taken for Ru-1222 and Ru-1212 samples. The data es- 
tablish that the two types of ruthenocuprates exhibit 
qualitatively different responses. There are also pro- 
nounced differences between the Ru-1222 data and the 
results for SrRuOs (Fig. ^a). The most striking differ- 
ence is the inverted sense of loop circulation for Ru-1222: 
the AC susceptibility signal is consistently larger for the 
field-decreasing branch compared to the field-increasing 
branch. To our knowledge, this is the first observation of 
inverted butterfly loops in a bulk magnetic system. The 
numerical integration of the butterfly hysteresis is shown 
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FIG. 8: a) Left axis: 'Butterfly' hysteresis for Ru-1222, x= 
1.0 at 80K. Right axis: Analogous data for Ru-1212, just 
below magnetic ordering temperature. Unlike Ru-1222, note 
for Ru-1212 a monotonie decrease in ac susceptibility with in- 
creasing magnitude of the dc magnetic field, and no hysteresis. 
b) Numerical integral NIS (= x{h)dh) of butterfly sus- 
ceptibility shown in a) versus Ude for Ru-1222. The units are 
arbitrary. Note the inverse hysteresis loop. c) DC (vibrating- 
sample) magnetization hysteresis for the same Ru-1222 sam- 
ple as in a). A normal (counter- clockwise) circulations is 
observed. 

for Ru-1222 (Fig. |b) and SrRuOg (Fig. |b). While the 
results for SrRuOa exhibit the counter-clockwise pattern 
of the usual magnetization hysteresis, the integrated but- 
terfly of the Ru-1222 sample exhibits an inverted (clock- 
wise) hysteresis loop. It is noteworthy that the vibrating- 
sample magnetometer measurements on the same Ru- 
1222 (Fig. pc) shows the dc magnetization hysteresis loop 
with a 'normal' (counter- clockwise) sense of circulation. 
Therefore, the inverted hysteresis phenomenon represents 
a unique, dynamical feature of the Ru-1222 system, aris- 
ing from the field-induced and AC magnetic field-assisted 
metastable magnetic states observed in Fig. ^. Other 
noteworthy features of the Ru-122 butterfly hysteresis 
include: i) the presence of a maximum even in the ZFC 
(virgin) curve, ii) pronounced dependence on the observ- 
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FIG. 9: a) Butterfly hysteresis for the reference ferromagnet 
SrRuOa at 160K (i.e., just below Tc = l&bK, its ordering 
temperature). Filled circles designate the virgin hysteresis 
branch, characterized by no maximum or other features. Note 
the response for increasing and decreasing Hdc are opposite 
to that of Ru-1222. b) NIS for SrRuOa at 160K. Note that 
this hysteresis corresponds, by all means, to the standard fer- 
romagnet ic one. 



ing time used to obtain the data, and iii) the presence 
of two- rather than the expected one- maxima per fleld- 
increasing or field-decreasing branch. As Fig. |^a shows, 
the virgin branch exhibits a maximum at a characteris- 
tic dc magnetic field (Hg/). In simple ferromagnets. the 
virgin curve typically does not exhibit a majdinurncJ be- 
cause the remanence, and thus coercive fieldEj, builds up 
only after the first field swing, as shown for SrRuOa (Fig. 
^). The quantitative size of the butterfly hysteresis loop 
depends on the observation time, which is another indi- 
cation that the metastable magnetic states are involved. 
Qualitatively, though, over the range of sweep times we 
studied (one minute to one day), the inverted butter- 
fly loops exhibit the same features. Also noteworthy is 
that the field Hs/ is close to the minimum field needed 
to apply in order to obtain closed butterfiy loops: if the 
range of sweeping field was narrower than (— Hs^,-|-Hs/) 
no closed loops would be observed whatever. Instead, the 
AC susceptibility signal would merely systematically di- 
minish from cycle to cycle. Fig. illustrates how Hs/ 
and ctoff, the logarithmic relaxation rate, change with 
temperature. The two parameters-logarithmic relaxation 
and inverted hysteretic behavior- exhibit virtually identi- 
cal temperature dependence, indicating that the two phe- 
nomena have a common origin in Ru-1222. Another indi- 
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FIG. 10: a) Left axis: Qo//, the relaxation rate constant de- 
fined in text, when Hdc is switched ofF, versus temperature. 
Right axis: The field attributed to spin flop, Hs/ (Fig.Sa), 
versus temperature. Note that both quantities are zero at 
temperatures above the susceptibility peak. b) Qo//, at 80K, 
versus H^c. 



cation that the two phenomena are interrelated is shown 
in Fig. (Xojf changes rapidly in small dc magnetic 

fields, but saturates at H^c > H^^. Another commonahty 
is the change of Ax with H^c (Fig. ||b, inset). Ax be- 
comes positive above Hsj and thereafter monotonically 
increases with increasing H^c- Again, these quahtative 
changes in relaxation parameters are connected to the 
inverse hysteretic behavior. 



IV. DISCUSSION 

The first step to interpreting these results is to deter- 
mine whether the results are intrinsic or extrinsic. The 
samples are polycrystalline, so extrinsic sources can in- 
clude magnetic dynamics of single domain grains with in- 

jrgra.ni.il ar r 

risenEiE3 ii 

For our samples, the microstructure (Fig. indicates 
that the phenomena are intrinsic. The largest effects were 
measured on Ru-1222 (x=1.0) samples having barely de- 
tectable grain boundaries with large and densely packed 
crystalline grains. The effects are present in Ru-1222 
(x=0.5) but absent in Ru-1222, although these sam- 
ples have very similar microstructures with grain size of 
1 — 2/im and pronounced grain boundaries. We conclude 
that the phenomena reported in Figs.3- 10 are predomi- 



tergra.ni.ll ar magnetic interactions. A similar question has 
arisenEllEj in studies of polycrystalline (La,Sr)3Mn207. 



nantly intrinsic, due to magnetic interactions within the 
unit cell. The non-monotonic ZFC AC susceptibility for 
different dc mag netic fields (Fig. |, |) can be naturally 
interpreted as indicating the coexistencc of antiferromag- 
nctic (AFM) and ferromagnetic (FM) magnetic ordering 
in Ru-1222, with the magnetic order spontaneously oc- 
curring below Tm- As discussed further below, we ar- 
gue that a small dc magnetic field partially cancels the 
AFM component, which increases the magnetization of 
the sample. This behavior leads to first an increase in 
AC susceptibility, with a decrease as H^c increases fur- 
ther. A pronounced dependence of AC susceptibility on 
the balance betweeurEM and AFM correlations has re- 
cently been reportea23 in (La,Sr)3Mn207. Rcf. ^ re- 
ports the onset and growth of AFM correlations, accom- 
panied by a remarkable drop in the AC susceptibility, 
which is consistent with our interpretation. One note- 
worthy difference between this report and Rcf. |2^ is that 
in Ru-1222, the AFM contribution is tuned by the dc 
magnetic field, while in Rcf. |2^ the AFM correlations are 
controUed by varying the stoichiometry. By contrast to 
Ru-1222, Ru- 1212 exhibits a monotonie decrease of the 
AC susceptibility with increasing dc magnetic field. In 
Ru-1212, Ref. ^ argues from neutron scattering data that 
there is a G-type AFM spontaneous magnetic order. We 
argue that applying a small (O- 100 Oe) dc magnetic field 
to Ru-1212 is not large enough to induce any FM order, 
while such small fields are sufficient in Ru-1222. The but- 
terfly hysteresis data provides Information about the na- 
ture of the AFM component of magnetic order. For Ru- 
1222, the hysteresis loop from AC susceptibility data is 
inverted. A theoretical model for such inverted hysteresis 
loopso indicate that inverted hysteresis loops can arise 
in exchange-coupled layered magnetic 'sandwiches' pro- 
vided that the intralayer coupling is significantly larger 
than the interlayer coupling. The demagnetizing bound- 
ary effects, present in any real finite-size sample, was 
explicitly taken into account and shown to be crucial for 
the model predictions. Ref. ^ also calculated the condi- 
tions needed to assure that such inverted hysteresis loops 
not to violate the second law of thermodynamics. Previ-. 
ous experimental reports of inverted hysteresis loopsE3E£l 
have been limited to magnetic multilayers and nanoscale 
magnetic films. Ref. 25 argues that in their samples adja- 



cent layers have magnetic moments with AFM coupling 
between adjacent layers. Ref. ^ also demonstrated that 
the inverted hysteresis loop behavior disappears in their 
samples if the AFM interlayer coupling is changed to 
a FM interlayer coupling. The present report, to our 
knowledge, is the first to show inverted hysteresis loops 
for bulk magnetic systems. We argue that the presence 
of such inverted hysteresis loops in Ru-1222 arises from 
Ru02 layers with FM magnetic moments, combined with 
AFM coupling between the Ru02 planes. A similar con- 
clusion has recently been made for the layered manganite 
(La,Sr)3Mpa07 based on magneto- opticalEj and neutron 
diffractionEZi data; in this compound the Mn02 plays the 
role of the FM layers. 



Observing inverted hysteresis loop behavior provides 
support for a magnetic multilayer scenario in Ru-1222. 
Arguing for AFM interlayer coupling, however, requires 
more specific experimental support. The most direct sup- 
port would be evidence of a spin flop transition through 
which thc net magnetization of adjacent, weakly AFM 
coupled, layers increasesEâ. Unfortunately, there are no 
single crystal samples of Ru-1222 available to obtain such 
direct evidence, e.g., by neutron difîraction. We argue, 
however, that our results support the presence of a spin 
flop transition at the characteristic field H^^ in favorably 
oriented grains of our polycrystalline Ru- 1222 samples. 
It is important to note that the butterfly hysteresis loops 
we measured would close only for applied fields larger 
than Hsf , which is consistent with a spin flop transition 
and the onset of irreversible behavior. We attribute the 
maxima in the iniţial AC susceptibility data (Fig. ^a) to 
a spin flop transition. This assignment is quite similar 
to a reeent report on AFM ordered chain-ladder com- 
poundaHj. In Ref. |2^, the position of the susceptibility 
peak defines the spin flop field. This field is substantially 
higher in Ref. ^ than in this report due to the different 
nature of AFM interactions in the two systems. However, 
our experimental values of a spin flop field below 100 Oe 
is compatible with the field values measured in magnetic 
trilayer and multilayer systems, which are se"\pral order 
of magnitude smaller than bulk AFM systemsEa. 



A. Model for magnetic coupling in Ru-1222 

While our report does not include any determination 
of the magnetic structural order, the results are compat- 
ible with a simple model, shown schematically in Fig. 
[rî| . We start with the generally accepted model for the 
magnetic structure of the more thoroughly iwvestigated, 
and simpler, Ru-1212. It is well establishec]l3l23 that the 
dominant magnetic order is a G- type antiferromagnetic 
structure in which the Ru moments are aligned antipar- 
allel in all crystallographic directions. The details of the 
magnetic order, and the stabili ty of a particular ground 
stat^ can be interpreted only by explicitly including ro- 
tations and tilting of the RuOe octahedra and considering 
the orientation of the magnetic moments. A weak ferro- 
magnetism originates from canting of the Ru monieijitSLl. 
The canting arises from the Dzyaloshinsky-MoriyaEil an- 
tisymmetric superexchange interaction which, by symme- 
try, foUows from the fact that the RuOg octahedra tilt 
away from the crystallographic c direction; there is still 
a controversy as to whether the tilting around the. ayis 
perpendicular to the c-axis is actually observedOL2lE3. 
In Ru-1212 samples containing magnetic (Gd) ions, the 
dipolar field of the in-plane ferromagnetic comjmtients in- 
duces an additional ferromagnetic componentElcj. Very 
recently, results of a structural investigation of the Ru- 
1222 compound (x=1.0) indicates that there are no im- 
portant differences in rotation or tilting angles between 
the Ru-1212 and Ru-1222 (x=1.0) compoundsO, in spiţe 
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FIG. 11: Model for magnetic structure of Ru-1222. The re- 
gion two unit cells wide is shown schematically. Circles des- 
ignate the Ru-ions and arrows tha associated magnetic mo- 
ments. A widely accepted modelEj for magnetic structure of 
Ru-1212 is also shown for comparison. The global order is 
G-type antiferromagnetic in both systems. In Ru-1222, small 
ferromagnetic components-projection of the moments to the 
Ru02 planes- are antiparallel in H=0. The in-plane compo- 
nents become mutually parallel - ferromagnetic- by applica- 
tion of small spin flop field ¥Lsf- Thick grey arrow designates 
the field direction. 



of Ru-1212 exhibiting dominant antiferromagnetic and 
Ru-1222 dominant ferromagnetic spontaneous magnetic 
order. We suggest that the magnetic ordering in both 
compounds is a variation of the G-type antiferromag- 
netism, while variation in dc magnetic properties, par- 
ticular ly in low fields, arises from small differences in the 
Ru-Ru interaction within their respective unit cells. The 
unit cells are different: in Ru-1222 there is a structural 
phase shift of half of the Ru02 planes that leads to an 
approximate doubling of the unit cell. The phase shift 
arises from the presence of the fluorite- structure block 
Eu2-xCea;02 replacing the rare earth ion in Ru-1212. 
Thus, in Ru-1222, nearest neighbor (Ru) ions arc not 
vertically aligned, while they are in Ru-1212. This dif- 
ference in structure naturally leads, in Ru-1222, to hav- 
ing the relative alignment of the in-plane components 
in adjacent Ru02 planes antiparallel, which is energet- 
ically favored by a bare dipole-dipole interaction. Fig. 
O shows the magnetization tilting scheme we propose 
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for Ru-1222. Our experimental results fit quite naturally 
with such a picture: since the dipole interaction is very 
weak- the energy needed to reverse the in-plane Ru mo- 
ment component is small- a small applied magnetic field 
can easily transform the spontaneous AF order, via a spin 
hop mechanism, into a ferromagnetic oricntation. This 
is exactly what our measurements indicate. Our model 
is, apart from the unusual dipole-dipole interaction, the 
same as the models us^rl to explain weakly AF coupled 
magnetic multilayerstjEj. We note that our model does 
not take into account the role of the (Ce), which is ex- 
pected to have a non-zero magnetic moment. Our model 
is, however, of use in understanding the qualitative fea- 
tures of the Ru-1222 experimental data. 

The most unusual feature of our model is the pro- 
nounced role of the dipole-dipole interaction; various 
magnetic exchange interactions (e.g., superexchange, 
double exchange) are more commonly employed to ex- 
plain magnetic coupling. We argue that a dipole-dipole 
interaction makes sense because the nearest Ru02 layers 
are far apart, with insulating and non-magnetic layers 
in between. Experimentally, the logarithmic time depen- 
dence of the magnetic relaxation (Fig. ^) argues for the. 
long-range dipole-dipole interaction; it is well knownEil 
that such a long-range interaction can account for a loga- 
rithmic relaxation behavior without further assumptions. 
We also considered the possibility that the logarithmic re- 
laxation behavior might be due to domain-wall stabiliza- 
tion (disaccommodation) involving a broad range of acti- 
vation energies, as haş-hecn recently applied to data in a 
perovskite manganiteoE^I. However, one of us (IF) and 
colleagues have performed temperature-dependent x- ray 
diffraction studies of Ru-1222. The measurements indi- 
cate no structural change with tempecature- such changes 
are necessary for disaccommodationEj. Thus both the 
weak AF coupling and the logarithmic susceptibility re- 



laxation support our model. 



V. CONCLUSION 

In summary, we have presented data indicating that 
Ru-1222 exhibits qualitatively new magnetic behavior, 
including magnetic logarithmic relaxation, inverted hys- 
teresis loops, and metastable magnetic states. None of 
these behaviors are observed in Ru-1212. Our results are 
interpreted within a model for the magnetic structure for 
Ru-1222 that, assuming a G-type AF global magnetic or- 
der known to describe Ru-1212, attributes the interlayer 
magnetic coupling to a dipole-dipole interaction. We in- 
terpret the hysteretic behavior as similar to that reported 
for magnetic multilayers, trilayers, and some manganites, 
due to spin flop transitions converting the spontaneous 
(H = 0) AF order between components into a ferromag- 
netic order. 
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